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ABSTRACT 
"In situ" analysis of lignin by 2D-NMR of whole lignocellulosic materials was carried out by swelling in 
dimethylsulfoxide (DMSO-d6) finely ground samples, and forming a gel in the NMR analysis tube. Solution 
HSQC-NMR spectra of lignocellulosic materials representative for hardwood (Eucalyptus globulus), softwood 
(Picea abies) and non-woody plants (Agave sisalana) at the gel state are presented showing signal corresponding 
to the main plant constituents. The obtained spectra showed both lignin and carbohydrates signals and the 
assignment of the lignin signals was obtained by comparing the lignocellulose spectra with spectra of MWL 
isolated from the same materials. 
 
I. INTRODUCTION 
A main challenge in elucidating the structure of lignin is the isolation procedure. The classical lignin extraction 
procedure (Bjorkman, 1956) consists of aqueous dioxane extraction from ball milled wood. The resulting milled 
wood lignin (MWL) is usually considered to be representative of native lignin. Another approach is subjecting 
the milled wood to enzymatic treatment with cellulolytic enzymes which remove most of the carbohydrate 
components (Chang et al., 1975; Wu and Argyropoulos, 2003). However, it is well recognized that these lignin 
preparations, in particular MWL, due to its low yield represents only a part of the native lignin in the wood cell 
wall and may not be representative of the whole lignin present. Indeed, it has also been demonstrated that lignin 
can undergo structural changes during the MWL isolation procedure, especially during the milling process 
(Fujimoto et al., 2005). Therefore, and because lignin is intimately interpenetrating the other wood components 
(cellulose and hemicelluloses), it is obvious that its truly native form can only be studied by analytical methods 
applicable directly on the whole lignocellulosic material.  
Nowadays, the best information on lignin structure comes from 2D-NMR spectroscopy informing about both 
phenylpropanoid units and inter-unit linkages in preparations generally obtained by the MWL method. In order 
to obtain more information about the native lignin polymer, some methods have been proposed for the "in situ" 
analysis of lignin by 2D-NMR of whole lignocellulosic materials. We must refer to the use of solvent systems 
for fully dissolving finely ground wood that is then acetylated (Lu and Ralph 2003; Kilpeläinen et al., 2007), and 
a most recent approach that consists in swelling finely ground samples in dimethylsulfoxide (DMSO-d6) and 
forming a gel in the NMR tube (Kim et al. 2007). Both methods were assayed here for the analysis of lignin in 
wood and non-woody plant materials, and the best resolved spectra were obtained from the lignocellulose gels. 
Heteronuclear single quantum correlation (HSQC) solution NMR spectra of lignocellulosic materials 
representative for hardwood (Eucalyptus globulus), softwood (Picea abies) and non-woody plants (Agave 
sisalana) at the gel state are presented showing signal corresponding to the main plant constituents. 
 
II. EXPERIMENTAL 
Samples. E. globulus and P. abies woods and A. sisalana fibers were grounded in a Retsch cutting mill to pass 
through a 100-mesh screen and then successively extracted with acetone for 8 h in a Soxhlet extractor and with 
hot water (100 ºC) for 3 h. Klason lignin was estimated according to T222 om-88 (Tappi, 2004). The extractive 
free sawdust was finely ball-milled in a Retsch S100 centrifugal ball (10 h) using agate jar and balls. Roughly 
200 mg of finely ball-milled wood were dissolved in 0.75 mL of dimethylsulfoxide (DMSO)-d6, and HSQC 
spectra were recorded. Simultaneously, solutions of acetylated lignocellulosic samples were obtained by the 
method described by Lu and Ralph (2003). 
 
NMR. 2D-NMR spectra were recorded at 25ºC in a Bruker AVANCE 500 MHz, equipped with a z-gradient 
triple resonance probe. The spectral widths were 5000 and 13200 Hz for the 1H and 13C dimensions, 
respectively. The number of collected complex points was 2048 for 1H dimension, with a recycle delay of 5 s. 
The number of transients was 64, and 256 time increments were always recorded in 13C dimension. The 1JCH 
used was 140 Hz. The J-coupling evolution delay was set to 3.2 ms. Squared cosine-bell apodization function 
was applied in both dimensions. Prior to Fourier transformation, the data matrixes were zero filled up to 1024 
points in the 13C dimension. Signal volume integration was used to calculate the S/G ratio (from S2,6 and G2+G6 
cross-signals) and percentage of side-chains involved in different inter-unit linkages (from Cα-Hα correlations). 
The acylation percentage was obtained by integrating the signals from Cβ-Hβ correlations in acylated and non-
acylated β-O-4´ structures. 
 
III. RESULTS AND DISCUSSION  
The HSQC-NMR spectra of the lignocellulosic samples selected for this study are shown in Figure 1. The main 
lignin substructures observed in the lignocellulosic materials are also shown. Carbohydrate signals were 
predominant in all spectra but lignin signals could also be clearly observed in all of them despite their low lignin 
content (27% and 18% Klason lignin for spruce and eucalypt, respectively), and especially for sisal (11% Klason 
lignin). Unequivocal assignment of the lignin signals was obtained by comparing the lignocellulose spectra with 
spectra of MWL isolated from the same materials, and the main lignin cross-signals observed in the HSQC 
spectra are indicated in Table 1. 
Figure 1.- HSQC-NMR spectra of eucalypt wood, spruce wood and sisal fiber, at gel state. The main lignin 
structures observed are indicated. 
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Table 1. Assignment of main lignin 13C-1H cross-signals in the HSQC spectra shown in 
Figures 1. 
 
   δC/δH (ppm) Assignment 
 53.7/3.12 Cβ-Hβ in β-β' (resinol) substructures (B) 
 53.7/3.44 Cβ-Hβ in β-5' phenylcoumaran substructures (C) 
 60.0/3.38-3.71 CγHγ in β-O-4' substructures (A) and others 
 63.8/3.83-4.30 CγHγ in γ-acetylated β-O-4' substructures (A') and others 
 71.7/3.81 and 4.17 Cγ-Hγ in β-β' (resinol) substructures (B) 
 72.3/4.86 Cα-Hα in β-O-4' substructures (A and A') 
 83.6/4.32 Cβ-Hβ in γ-acetylated β-O-4' substructures (A') 
 84.1/4.28 Cβ-Hβ in β-O-4' substructures linked to a G unit (A) 
 85.4/4.64 Cα-Hα in β-β' (resinol) substructures (B) 
 86.5/4.10 Cβ-Hβ in β-O-4' substructures linked to a S unit (A) 
 87.7/5.45 Cα-Hα in β-5' phenylcoumaran substructures (C) 
 103.8/6.68 C2-H2 and C6-H6 in syringyl units (S) 
 106.7/7.36 and 7.21 C2-H2 and C6-H6 in oxidized (Cα=O) syringyl units (S´) 
 111.5/6.99 C2-H2 in guaiacyl units (G) 
 115.2/6.71 and 6.94 C5-H5 in guaiacyl units (G) 
 119.5/6.83 C6-H6 in guaiacyl units (G) 
 
 
 
All the spectra showed prominent signals corresponding to β-O-4' ether linkages (substructures A and A´). The 
Cγ-Hγ correlations in β-O-4' substructures is eucalypt and spruce were observed at δC/δH 60.0/3.38 and 3.71 ppm, 
partially overlapped with other signals. Interestingly, the HSQC spectrum of sisal clearly show the presence of 
intense signals corresponding to acylated γ-carbon in the range from δC/δH 63.5/3.83 and 4.30 ppm, together with 
the presence of signals from normal hydroxylated γ-carbon (at δC/δH 60.0/3.38 and 3.71 ppm). The HSQC 
spectra indicate that this lignin is extensively acylated and that acylation occurs at the γ-position of the lignin 
side-chain. The Cα-Hα correlations in β-O-4' substructures were observed at δC/δH 72.3/4.86 ppm, while the Cβ-
Hβ correlations were observed in the range at δC/δH 83.6-86.5/4.10-4.64 ppm, and differed among the samples. In 
eucalypt wood, the Cβ-Hβ correlations were observed at δC/δH 86.5/4.10 in β-O-4' substructures linked to an S-
lignin unit and at δC/δH 84.1/4.28 in β-O-4' substructures linked to a G-lignin unit. In spruce, only the latest Cβ-
Hβ correlations (tipical of a G-lignin) were observed, while in sisal the Cβ-Hβ correlations were observed at δC/δH 
86.5/4.10 ppm in γ-OH β-O-4´ aryl ether substructures (A) but shifted to δC/δH 83.6/4.32 ppm in γ-acylated β-O-
4´ aryl ether substructures (A'). In addition to β-O-4' substructures, other linkages were also observed in the 
HSQC of the different lignocellulosic materials. Strong signals for resinol (β-β'/α-O-γ'/γ-O-α') substructures (B) 
were observed in the spectrum of eucalypt wood, with their Cα-Hα, Cβ-Hβ and the double Cγ-Hγ correlations at 
δC/δH 85.5/4.64, 53.7/3.12 and 71.7/3.83 and 4.30 ppm, respectively. Resinol substructures (B) were observed in 
lower amounts in spruce wood but could not be detected in sisal. Phenylcoumaran (β-5'/α-O-4) substructures (C) 
were also found being more abundant in spruce, the signals for their Cα-Hα and Cβ-Hβ correlations being 
observed at δC/δH 87.7/5.45 and 53.7/3.44 ppm, respectively, and that of Cγ-Hγ correlation overlapping with other 
signals around δC/δH 62/3.8 ppm. Finally, spirodienone and dibenzodioxocin substructures could not be observed 
in any of the HSQC spectra due to their lower abundances. 
 
Signals from syringyl (S) and guaiacyl (G) units could be observed in all the spectra. The S units showed a 
prominent signal for the C2,6-H2,6 correlation at δC/δH 103.8/6.68 ppm, while the G units showed different 
correlations for C2-H2 (δC/δH 111.5/6.99 ppm), C5-H5 (δC/δH 115.2/6.71 and 6.94) and C6-H6 (δC/δH 119.5/6.83 
ppm). The double C5-H5 signal revealed some heterogeneity among the G units especially affecting the C5-H5 
correlation, probably because it is due to different substituents at C4 (e.g. phenolic or etherified in different 
substructures). 
 
The percentage of lignin side-chains involved in the main substructures found in the samples (referred to total 
side-chains) are indicated in Table 2, together with the percentage of γ-acylation (estimated from the Cβ-Hβ 
correlations in acylated and non-acylated β-O-4´ structures) and the S/G ratios obtained from the HSQC spectra.  
In all cases, the main substructure was the β-O-4' one, followed by β-β´ resinol substructures in the case of 
eucalypt wood and β-5´ phenylcoumaran substructures in spruce wood. In sisal fibres, the β-O-4' aryl ether 
linkage was the most predominant with only traces of other structures. Moreover, the lignin from sisal is 
extensively acetylated at the γ-carbon of the side-chain (70%), being very different from the other two lignins. 
 
 
 
 
 
Table 2. Relative abundance of main inter-unit linkage types, percentage 
of γ-acylation of the side-chain and S/G ratios of the selected 
lignocellulosic materials. 
 
 Eucalypt Spruce Sisal 
Abundance of main linkages (%)    
β-O-4´ aryl ether 89 77 100 
β- β´ resinol 9 4 tr 
β-5´ phenylcoumaran 2 20 tr 
    
Percentage of γ-acylationa - - 70 
    
S/G ratio 2.8 0 3.6 
    
  aEstimated from the Cβ-Hβ correlations in acylated and non-acylated β-O-4´ structures. 
 
 
 
Acetylated wood solutions, prepared according the method described by Lu and Ralph (2003), were also 
analyzed by HSQC. The spectra were very similar (same lignin substructures, and in similar proportions) to 
those obtained from the wood gel. However, a major drawback of this method is the inability to detect natural 
acylated lignin units, such as those occurring in sisal, since the sample is acetylated during the wood solution 
procedure. 
 
IV. CONCLUSIONS 
2D-NMR of ball-milled lignocellulose resulted an efficient method for analyzing lignin in different plant 
materials directly and quickly. The spectrum of eucalypt wood revealed a syringyl-rich lignin with a 
predominance of β-O-4' followed by β-β' linkages, whereas the spruce spectrum only showed guaiacyl units 
linked by β-O-4' and phenylcoumaran-type bonds. Finally, the sisal spectrum yielded the less intense lignin 
signals, due to its lower lignin content, corresponding to a syringyl-rich polymer. β-O-4´ aryl ether substructures 
were also highly predominant in the sisal lignin. 
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